The mouse MHC class I-b molecule H2-M3 has unique specificity for N-formyl peptides, derived from bacteria (and mitochondria), and is thus a pathogen-associated molecular pattern recognition receptor (PRR). To test whether M3 was selected for this PRR function, we studied M3 sequences from diverse murid species of murine genera Mus, Rattus, Apodemus, Diplothrix, Hybomys, Mastomys, and Tokudaia and of sigmodontine genera Sigmodon and Peromyscus. We found that M3 is highly conserved, and the 10 residues coordinating the N-formyl group are almost invariant. The ratio of nonsynonymous and synonymous substitution rates suggests the Ag recognition site of M3, unlike the Ag recognition site of class I-a molecules, is under strong negative (purifying) selection and has been for at least 50 -65 million years. Consistent with this, M3 ␣1␣2 domains from Rattus norvegicus and Sigmodon hispidus and from the "null" allele H2-M3 b specifically bound N-formyl peptides. The pattern of nucleotide substitution in M3 suggests M3 arose rapidly from murid I-a precursors by an evolutionary leap ("saltation"), perhaps involving intense selective pressure from bacterial pathogens. Alternatively, M3 arose more slowly but prior to the radiation of eutherian (placental) mammals. Older dates for the emergence of M3, and the accepted antiquity of CD1, suggest that primordial class I MHC molecules could have evolved originally as monomorphic PRR, presenting pathogen-associated molecular patterns. Such MHC PRR molecules could have been preadaptations for the evolution of acquired immunity during the early vertebrate radiation.
T he mouse class I-b molecule H2-M3 preferentially binds N-formyl peptides (1, 2), pathogen-associated molecular patterns (PAMP) 4 (3) also recognized by neutrophil chemotactic receptors (4) . Thus, M3 is a pattern-recognition receptor (PRR). In this respect, M3 resembles CD1, which presents mycobacterial waxy lipids to T cells (5) . M3 may be important for protection against intracellular bacteria (6) . Indeed, M3-restricted CTL are protective in experimental infections by the intracellular pathogen Listeria monocytogenes (7) (8) (9) . The laboratory of Fischer Lindahl and colleagues (10) showed Norway rats have a gene nearly identical to H2-M3, suggesting that M3 has been conserved since the rat/mouse divergence ϳ14 -40 million years ago (MYA).
Like other class I-b genes, M3 is virtually monomorphic in Mus musculus (11) . A minor allele, M3 b , has been considered null because it does not restrict lysis by known M3-specific CTL (11); null activity was mapped to a Leu 95 Gln substitution in the ␣2 domain (12) . In contrast to the minimal oligomorphism of class I-b genes (6), class I-a genes are extremely polymorphic, allowing presentation of diverse intracellular Ags to T cells (13) . Polymorphism is pronounced especially in the Ag recognition site (ARS) and is thought to be generated through diversifying (positive) selection (13) evidenced by a high ratio of nonsynonymous to synonymous substitutions in the ARS (14) . The paucity of I-b orthologs shared among species of different taxonomic orders led to the hypothesis that I-b genes are relatively young, formed by duplications of class I-a genes (15) . Such duplicates are often redundant and may drift rapidly under neutral selection towards pseudogeny (15) . Functional divergence of gene duplicates (16) probably requires positive selection (17) . Phylogenetic analyses suggest that many mouse class I-b genes, such as Qa-2 (15) and H2-B1 (our unpublished observations) arose since the rat/mouse divergence from duplications of class I-a genes. Because M3 has been unknown outside the murine genera Rattus and Mus, it may also have evolved from murine or murid I-a genes. A contrasting model, similar to one proposed for H2-TL (18, 19) , suggests that M3 arose before the mammalian radiation.
The unique ligand specificity of M3 makes it especially interesting as a model to study how MHC specificities evolve, presumably in response to pathogen or other immune pressure. The mechanism of N-formyl specificity in M3 is well-studied (11) . The crystal structure of M3 a (20) indicated 10 amino acids coordinated N-formyl specificity, with a key contribution from histidine in position 9 (His 9 ). Five of these residues are rarely found in other class I molecules. However, our unpublished studies in which we transplanted these residues between M3 and H2-K b suggested other residues are required to achieve N-formyl specificity. Moreover, the differences between M3 and murine class I-a molecules are not concentrated in the ARS but are spread throughout the ␣1 and ␣2
Cloning PCR products
PCR products of the expected size were gel-purified using the Qiagen (Valencia, CA) Qiaquick Gel Extraction kit and eluted products cloned with the Zero Blunt TOPO PCR Cloning kit (Invitrogen). Plasmids were sequenced by Lone Star Labs (Houston, TX) or the DNA sequencing core facility (Baylor College of Medicine) using an Applied Biosystems (Foster City, CA) ABI PRISM 377 DNA Sequencer. Most sequences were confirmed from independent clones and/or sequencing in the reverse direction. M3 and cytb sequences have been deposited at GenBank with Accession nos. AY263509-AY263623.
Phylogenetic trees
A well-aligned database of exons 2 and 3 of 160 class I genes, including the new M3 sequences, sampled four murid subfamilies, diverse mammalian orders, and five vertebrate classes. The transitional/transversional bias was 0.7 in the exon 2 and 3 data set. It was aligned using the Clustal method (33) by MegAlign (DNAstar, Madison, WI) and adjusted manually with BioEdit (34) to maintain codon alignments. Distant class I sequences such as CD1 and FcRN were excluded as they were difficult to align and often generated "long branch" effects. None of these exclusions affected the conclusions described. The databases included the new M3 genes and five M3 sequences from the National Center for Biotechnology Information database: M3 a (C57BL/6, U18797); M3 b (Mus musculus castaneous, M62844); M3 f (B10.SHH, L36074); M3 sp (Mus spretus, L36072), and RT1-M3 (Wistar, AJ249342). Trees were built in Clustal X (35) and MEGA2 version 2.1 (http://watson.hgen.pitt.edu) (36) using neighbor-joining (NJ), minimum evolution, and unweighted pair-group method with arithmetic means (UPGMA) algorithms, with significance estimated from 1000 bootstrap trials. Maximum parsimony methods were run with 100 bootstraps. Using the Tamura-Nei substitution model, the ␥ parameter was varied from 0.2 to 3.5 (37) without affecting our conclusions. The inclusion of long branch murid class I-b genes, such as M10, Qa-1, and TL, had no effect on the relevant conclusions. Divergence times were estimated by linear regression of genetic distance vs multiple reference divergence times.
Comparisons of genetic distances
Unless otherwise noted, genetic distances used the Tamura-Nei NJ method, ␥ parameter ϭ 2. We tested a variety of distances estimating algorithms and parameters. To avoid overweighting heavily represented rodent genera in calculating genetic distances using monosubstitution models (e.g., Jukes-Cantor), between-group distances were averaged from between-genera distances. For example, Mus M3 vs nonmurid eutherian I-a distances were averaged as a single observation. Assuming constant rates of evolution, we used Tajima's (38) relative rate test to assess which of three sequences was the outgroup. Thirty-five sets of the sequences were selected randomly and analyzed in MEGA2. 2 values were summed and significance was tested with 35 degrees of freedom.
Nonsynonymous and synonymous substitution rates
Pair-wise nonsynonymous (d N ) and synonymous (d S ) substitution rates (39) in the ARS and NARS were calculated using SNAP (http://hiv-web.lanl.govl) (40 
b , RT1.A2 c , RT1.A2 n , and RT1.A2 q (all available from the National Center for Biotechnology Information).
When multiple taxa are studied, variation in time of divergence has a heavy impact on variation in substitution rates (42) . Therefore, we regressed (one parameter) the rate of nonsynonymous substitution (d N ) on the rate of synonymous substitution (d S ) and compared the slopes (43) to the value of 1 expected under neutral selection using
where m is the slope, ϭ 1, s is the SD of the one-parameter slope and n is the number of sequences (not the number of comparisons).
To test for hyperconservation of the 10 residues coordinating N-formyl binding, the d N /d S ratio of those residues was compared to the non-ARS (NARS) ratio using
and R is the ratio, E R its relative error and N and S are the SD of d N and d S , respectively. 
Construction of M3-L d chimeric expression vectors

Results
Confirmation of sample identity using cytb
To confirm sample identity, we constructed phylogenetic trees from sample cytb sequences ( Fig. 1 ) and published sequences. cytb sequences for M. Nannomys gratus and R. tanezumi were not published. As expected, M. N. gratus and R. tanezumi cytb clustered significantly (with high bootstrap values) with other Mus Nannomys and Rattus sequences, respectively. M. P. shortridgei clustered with M. C. pahari (98% of bootstraps) rather than with other Pyromys (49), consistent with our results for cytb and TL (19) , suggesting Pyromys might be polyphyletic. Rattus and Diplothrix sequences formed a single cluster with 100% bootstrap values. All samples of subfamilies Murinae and Sigmodontinae clustered appropriately.
Sequence analysis of M3 in murid rodents
From 22 murid species we sequenced 43 distinct genes with high homology to H2-M3 in exons 2 and 3. These genes were not welldifferentiated from class I-a-like sequences in exon 4 (data not shown). To confirm orthology with M3, we constructed phylogenetic trees of exons 2 and 3 with candidate sequences, five known M3, and over 100 other class I genes. All M3 candidates were isolated together (Ͼ98% of bootstraps) in all tree-forming methods used (Fig. 2, A and B) , justifying their classification as "M3". The M3 species tree ( Fig. 2C) resembled that of cytb, except for T. osimensis, which has one copy of M3 very similar to that of A. agrarius, as expected (30) , and one highly divergent copy.
Large-scale trees (Fig. 2 , B and C) revealed three notable features regardless of the algorithm used. First, the M3 branch never clustered significantly with other murid class I genes even when (as in most NJ algorithms) it did cluster with eutherian class I-a genes in general (Fig. 2B) . Second, M3 genes were on a "long branch," indicating a larger genetic distance between M3 and class I-a genes, than between class I-a genes of different mammalian orders. Third, in trees using an algorithm (UGPMA) that assumes constant rates of substitution, M3 appeared to have evolved before the radiation of placental mammals (Fig. 2C) . Thus, all tree-building methods suggested that M3 evolved before the eutherian radiation, or evolved unusually rapidly.
Thirty-nine of 43 new M3 sequences were easily aligned with class I-a genes in exons 2 and 3. Four sequences (marked insertion and/or deletion (indel) in Fig. 2A ) from M. C. pahari and M. P. shortridgei are altered near the 5Ј end of exon 2 (Fig. 3) . In each of these, a 9-bp tandem duplication encoding the N-formyl interaction residue His 9 is closely followed by an "indel", predicting a polypeptide with a net gain of one amino acid without a frameshift. Multiple copies of M3 have not been reported in laboratory mice. However, R. norvegicus has at least three copies (52) . We isolated four sequences from M. C. pahari, three from M. P. shortridgei, and five from M. N. gratus. Assuming monomorphism, these sequences represent distinct loci. Two distinct M3 sequences were found in T. osimensis, each with multiple defects. We cannot rule out the possibility that this species carries another copy of M3 that is functional.
Conservation of the N-formyl coordination residues
Ten residues of M3 a (Y7, H9, Y22, S24, L63, K66, V67, I70, V99, Y159) coordinate N-formyl binding (53) of which four (Y7, Y22, S24, Y159) are frequent in other class I molecules. Excepting the six indel ϩ sequences, there were only three variants in these 10 residues among 42 sequences (99% identity), suggesting hyperconservation (Table I) (Table I) . Thus, the N-formyl-coordinating residues are extremely well-conserved and the N-formyl coordinating residues should be under negative selection. 
Synonymous and nonsynonymous rates of substitution in M3
To test whether the ARS of M3 has been under positive (diversifying) or negative (purifying) selection, we regressed nonsynonymous substitution rates against synonymous rates (Fig. 4) . As expected, mouse and rat I-a ARS were positively selected (1.48 Ϯ 0.03), but the M3 ARS was under strong negative selection (slope ϭ 0.236 Ϯ 0.002, p Ͻ 0.001 versus a slope of 1). As expected, the slope of the M3 NARS, 0.162 Ϯ 0.002, was also negatively selected ( p Ͻ 0.001; Fig. 4B) ; this slope is similar to that of many murine non-MHC genes (54) . Negative selection of murine class I-a NARS sequences (0.59 Ϯ 0.01) was consistent with other reports for class I-a genes (15) . The 10 N-formyl-coordinating residues were hyperconserved (d N /d S ϭ 0.025 Ϯ 0.003; p Ͻ 0.001) compared to the NARS (19) .
Conservation of N-formyl peptide binding specificity
Hyperconservation of N-formyl coordination residues suggested conservation of N-formyl binding specificity. To test this, the ␣1␣2 domains of "null" H2-M3 b and both rat and S. hispidus M3 were expressed in an L d ␣3 expression vector and tested for peptide-induced surface expression in transfected cell lines (46, 47) . fMIVIL and fHA but not nonformylated peptides induced surface expression of M3 a , M3 b , RT1-M3, and Sihi-M303 (Fig. 5A) , demonstrating conservation of N-formyl specificity.
The indel ϩ M. C. pahari sequences had multiple debilitating mutations in exon 2 but the indel ϩ Mush-M302 was intact except for two nonconservative substitutions in the N-formyl coordinating site (Fig. 3A) . This suggests the indel was acquired in the ancestral species before other mutations accumulated in M. C. pahari. Null duplicates can be fixed in a population but are also rapidly lost (42) ; the presence of indel ϩ M3 in two species suggests it may retain some function, and allowed us to test experimentally and statistically whether the indel event neutralized M3.
To test whether indel ϩ M3 retains N-formyl specificity, we expressed the ␣1 and ␣2 domains of Mush-M302 with in the L 
Three models of M3 evolution before the sigmodontine/murine divergence
Despite the long branch length of M3 genes (Fig. 2, A and B) , the d N /d S ratios and functional data indicated M3 evolved conservatively under negative selection since the murine/sigmodontine split ϳ65 MYA. Phylogenetic trees failed to join M3 to a murid branch, and UPGMA trees put M3 completely outside eutherian I-a genes. However, UPGMA models assume constant evolutionary rates, and all models assume a uniform or monophasic ␥ distribution of rates at different sites along the gene. Therefore, the origins of M3 within murid I-a genes (Fig. 6A, model I ) might be obscured by nonuniformity or inconstancy of substitution rates.
Because ARS and NARS residues can evolve at different rates in class I genes, we analyzed NARS residues, which are under negative selection and should exhibit more uniform evolutionary rates. As expected, genetic distances between M3 and murine I-a genes were less using the NARS alone, compared with ARS ϩ NARS. However, this shortening also affected distances between I-a genes as well, such that NARS genetic distances between M3 and murid I-a-like genes were significantly greater than between murid and eutherian I-a-like genes (data not shown). Moreover, as in Fig. 2 , the NARS of M3 genes remained on a long branch (not shown) and did not cluster with other murid I-a genes.
To test whether M3 and/or I-a evolution rates were constant over time, we plotted NARS genetic distance against estimated taxonomic divergence dates (Fig. 6B) . Using a variety of distance-estimating algorithms, and the range of published rat/mouse, murine/sigmodontine, eutherian/marsupial, and mammal/bird divergence times, both Coordinating residues identified in the crystal structure of M3 (53) compared with respect to codon usage (frequency among 44 sequences). The most commonly used residues for class I-a molecules are shown in the far right column. When usage is variable, class I molecules sharing a residue with the M3 residue are indicated in parentheses. M3 and I-a genetic distances were linear since the mammal/bird divergence. Moreover, M3 and I-a rates were very similar, though rates estimated for M3 ranged from 0 to 30% faster than those estimated for I-a genes.
Three models might explain why M3 looks old (Fig. 6A) . In model I, exons 2 and 3 of M3 arose from murid I-a genes, through a "leap" (saltation) involving rapid divergence after gene duplication, during which M3 evolved N-formyl specificity and, after which, M3 evolution became conservative. The saltation generated a large genetic distance, giving M3 the appearance of old age. This model predicts M3 will be found only in murids, that transitional forms should occur in other murids, and the genetic distance between M3 genes and such transitional forms should follow the gray line indicated in Fig. 6B . In model II, M3 looks older because it is older, arising before the eutherian radiation. This model predicts M3 orthologs should be found in other rodent or mammalian groups. Model III combines the first two: M3 arose in murids, but murids are older than nonmurid mammals (55, 56) .
Model I predicts M3 and murid I-a genes are most closely related, while model II predicts that murid I-a and eutherian I-a sequences are more closely related. However, the distance between M3 and murid I-a genes (0.23 Ϯ 0.02, SEM; n groups ϭ 36) was not different from that between M3 and nonmurid eutherian I-a genes (0.21 Ϯ 0.01; n ϭ 18), and longer than the distance between murid and nonmurid eutherian I-a genes (0.14 Ϯ 0.004; n ϭ 8). Assuming equal substitution rates (Fig. 6B) , we tested whether eutherian I-a genes are a likely outgroup for M3 and murid I-a genes (model I) or if M3 is the outgroup (model II). We used Tajima's (38) relative rate test to assess these two models using randomly selected sequence sets from our database. The results were significantly different from model I ( p ϭ 2 ϫ 10 Ϫ15 ) but not with model II ( p ϭ 0.58). Thus, NARS genetic distances and Tajima's test both favor model II. It might be argued that the NARS of M3 expresses an altered function, and that positive selection for new functionality (17) drove rapid evolution of M3 ARS. Thus, both models I and III predict an elevated d N /d S slope in comparisons of M3 NARS with murid I-a-like genes. However, this slope was very low (Fig. 6C ), consistent with model II.
Discussion
M3 is a highly conserved MHC class I-b molecule with unusual specificity for N-formyl peptides-a PAMP. Using the criteria of close phylogenetic relationship, presence of residues characteristic of the N-formyl coordination site and N-formyl specificity, we identified M3 orthologs in diverse murine and a smaller subset of sigmodontine murid rodents. We did not find the expected transitional forms, but genes representing the missing link between M3 and I-a might have been missed using PCR probes biased toward detecting M3-like genes. Detecting such transitional forms, if they exist, will require a different strategy. There is a second caveat: we have assumed throughout that M3 is a "I-b" gene in all the species studied. From these data, we see that M3 appears essentially monomorphic in R. norvegicus, as it is in M. musculus. This leaves open the possibility that M3 is polymorphic-much more I-a-like-in other murids, consistent with model I.
M3 is specialized in other ways: it lacks conventional side chain specificities, and binds peptides both shorter and longer than the canonical range of 8 -10 amino acids. In most other respects, M3 behaves like a class I-a molecule: widespread tissue distribution, TAP dependency, presentation to diverse ␣␤ T cell receptors. Like many I-b genes, M3 has not been known outside a narrow taxonomic range. This is consistent with a model of frequent "birth and death" in which class I-b genes are derived by duplication from I-a genes but rarely survive long enough to transcend the boundaries of taxonomic families or even genera (15) . Therefore, we expected isolation of M3 from murid species distantly related to mice and rat species to offer molecular clues as to how M3 evolved from I-a genes. However, the ␣1␣2 domain of M3 from sigmodontine rodents maintains N-formyl specificity and scarcely differs from that of murine rodents. In particular, the N-formyl coordination residues, ARS and NARS of M3 have all evolved under intense purifying selection and no part of M3 exons 2 and 3 appears closely related to other murid I-a-like genes.
Assuming standard models of gene evolution, in which mutations occur singly and at random, M3 appears older than the radiation of eutherian (placental) I-a genes and therefore appears to have evolved well before the eutherian radiation (57) . This model (II) is consistent with purifying selection for M3 function, but does not explain the apparent absence of M3 in nonmurid species.
The conventional model (I) of I-b evolution might be retained if unusual molecular mechanisms contributed significantly to M3 evolution. The algorithms used to analyze sequence evolution in this paper all assume monosubstitution mechanisms in which mutations at one site occur independently of one another. Multisubstitution mechanisms might allow both nonsynonymous and synonymous substitutions to race ahead without elevating d N /d S ratios, giving the appearance of old age to a young gene. For example, homologous gene conversion has been proposed repeatedly to contribute to class I gene diversity (58 -60) . However, if the donors for M3 gene conversion were homologous I-a genes, average genetic distances between I-a and M3 might still be low, contrary to our findings. However, nonhomologous (61) or errorprone gene conversion (62) , perhaps involving recombination hot spots (63) or a high frequency of dinucleotide mutations (64) , might generate large genetic distances without elevating d N /d S ratios (42) . To identify this process, transitional forms of M3 from other murid subfamilies and rodent families would be useful. Whatever the mechanism of substitution, model I seems to require a substantial period (ϳ10 -20 MY) of intense immune selection to drive rapid M3 evolution. Presumably, this pressure involved bacterial infections and could hardly have failed to leave its mark on other genes, perhaps accounting for the appearance of other long branch murid class I-b genes, such as Qa-1 and TL.
In contrast, model II asserts that M3 evolved before the eutherian radiation but fails to explain the apparent absence of M3 in nonmurid species. Using the basic local alignment search tool (BLAST), we identified human MHC class I gene fragments homologous to M3 or other murid I-b sequences but none with high bootstrap values. Under model II, M3 evolved under negative selection but might still be largely redundant with class I-a genes. If so, loss of M3 might be only slightly deleterious and M3 might be lost stochastically, especially in species with low effective population sizes such as humans (65) .
M3 shares properties with PRR and has been under negative selection for this property for at least ϳ65 MY. CD1, another monomorphic class I PRR molecule (5), is found in multiple eutherian orders, and appears even older than M3. M3 and CD1 are not at all closely related by sequence and differ in many other ways.
F. M. Burnet (66) asserted that it was their polymorphism that made MHC genes biologically significant. Certainly this is true for I-a function, but modern PRR-like I-b molecules suggest an alternate model for MHC origins. The duplication model of MHC origins (67) hypothesizes that a primitive locus expanded to become the modern polymorphic MHC, leaving unspecified whether the original MHC gene was itself polymorphic. Because most genes are monomorphic or minimally oligomorphic, and most class I-like genes not linked to the MHC are monomorphic (68) , parsimony suggests the ancestral MHC locus was also monomorphic. This primitive MHC molecule, functioning as a PRR, would have been preadapted for the evolution of polymorphic class I-a molecules in the evolving adaptive immune system.
